Elevated plasma t-PA (tissue plasminogen activator) and serum CRP (C-reactive protein) concentrations are associated with an adverse cardiovascular risk. In the present study, we investigated whether acute local inflammation causes vascular dysfunction and influences t-PA release in patients with stable coronary heart disease. Serum CRP, plasma t-PA and PAI-1 (plasminogen activator inhibitor type 1) concentrations were determined in 95 patients with stable coronary heart disease. A representative subpopulation of 12 male patients received an intra-brachial infusion of TNF-α (tumour necrosis factor-α) and saline placebo using a randomized doubleblind cross-over study design. Forearm blood flow and plasma fibrinolytic and inflammatory variables were measured. Serum CRP concentrations correlated with plasma t-PA concentrations (r = 0.37, P < 0.001) and t-PA/PAI-1 ratio (r = − 0.21, P < 0.05). Intra-arterial TNF-α caused a rise in t-PA concentrations (P < 0.001) without affecting blood flow or PAI-1 concentrations. TNF-α pretreatment impaired acetylcholine-and sodium nitroprusside-induced vasodilatation (P < 0.001 for both) whilst doubling bradykinin-induced t-PA release (P = 0.006). In patients with stable coronary heart disease, plasma fibrinolytic factors correlate with a systemic inflammatory marker and local vascular inflammation directly impairs vasomotor function whilst enhancing endothelial t-PA release. We suggest that the adverse prognosis associated with elevated plasma t-PA concentrations relates to the underlying causative association with vascular inflammation and injury.
INTRODUCTION
In epidemiologic studies of patients with CHD (coronary heart disease) [1] and in prospective studies in healthy populations [2] , higher plasma concentrations of the pro-fibrinolytic factor t-PA (tissue plasminogen activator) positively and independently predict future cardiovascular events. It would be anticipated that high t-PA concentrations would protect against subsequent cardiovascular events rather than the reverse. This paradoxical association is, in part, explained by the concomitant elevation of PAI-1 (plasminogen activator inhibitor type 1) which complexes with, and inactivates, t-PA. However, the precise stimulus for this increased t-PA release remains unclear.
Areas of endothelial denudation and thrombus deposition are a common finding on the surface of atheromatous plaques and are usually subclinical. Through t-PA release, endogenous fibrinolysis is usually ableto prevent thrombus propagation, although organization of the residual thrombus may lead to plaque growth and expansion [3] . The adverse prognosis conferred by elevated plasma t-PA antigen concentrations may, therefore, reflect the extent of occult atheroma and subclinical plaque rupture stimulating t-PA release.
Markers of systemic inflammation, such as CRP (Creactive protein) and TNF-α (tumour necrosis factor-α), are elevated in patients with cardiovascular disease [4, 5] . Indeed, serum CRP concentrations predict the development of cardiovascular disease independently of other risk factors. Previous studies have indicated a direct relationship between serum CRP and plasma t-PA concentrations [6, 7] . This raises the question of whether vascular inflammation is causally related to the elevation in plasma t-PA concentrations or whether CRP and t-PA are independently increased by a common factor related to the atherosclerotic process itself, such as acute plaque rupture.
Abnormalities of endothelial function have been demonstrated in patients with atherosclerosis [8] and vascular inflammation [9, 10] . In patients with CHD, restoration of endothelium-dependent vasomotor function occurs when there is normalization of CRP concentrations [11] , whereas ongoing chronic inflammation is associated with an impaired fibrinolytic response to venous occlusion [12] . As the endothelium is the major source of plasma t-PA, abnormalities of endothelial function may therefore mediate the potential inflammation-induced elevations in plasma t-PA concentrations.
It therefore remains unclear whether elevated t-PA concentrations are implicated in the mechanisms contributing to, or arise as a consequence of, atherothrombotic events.
The aims of the present study were, in patients with stable CHD, to confirm the previous association between plasma CRP and t-PA concentrations and to determine the effect of acute local vascular inflammation provoked by direct intra-arterial infusion of TNF-α on vasomotor function and endothelial t-PA release.
METHODS

Patients
We recruited patients with CHD confirmed by angiography (defined as > 70 % luminal stenosis of at least one major epicardial coronary vessel) or a previous history of Q-wave myocardial infarction. All patients had stable anginal symptoms and had not undergone coronary revascularization within the preceding 3 months. Exclusion criteria were significant cardiac failure, renal impairment, SBP [systolic BP (blood pressure)] < 100 or > 190 mmHg, diabetes mellitus, history or clinical features of recent infective illness and immunosuppressive or non-steroidal anti-inflammatory medication (excluding 75 mg/day aspirin). All studies were undertaken with the approval of the local Research Ethics Committee and in accordance with the Declaration of Helsinki. Written informed consent was obtained from each subject.
Venous sampling and assays
Plasma t-PA, PAI-1 (Coaliza ® ; Chromogenix), prothrombin F1 + 2 (fragment 1 and 2; Enzygnost F1 + 2; Dade Behring), TNF-α (Quantikine; R&D Systems) and IL-6 (interleukin-6; Dako) concentrations were determined using ELISAs, and t-PA activity using a photometric method (Coatest t-PA; Chomogenix) [13] [14] [15] . Assays of hs-CRP (highly sensitive CRP) were undertaken using the method of particle-enhanced immunonephelometry (BN II nephelometer; Behring). Venous blood was collected into tubes containing acidified buffered citrate (for t-PA), trisodium citrate (for PAI-1 and prothrombin F1 + 2), potassium EDTA (for cytokines) and serum gel tubes (for CRP). Platelet-free plasma and serum were stored at − 80
• C before assay. Haematocrit and white cell count were determined using an automated Coulter counter. Biochemical assays were undertaken on fasting venous samples by the hospital Clinical Laboratory facility.
Drugs
TNF-α (Knoll Pharmaceuticals), bradykinin (Clinalfa), acetylcholine (Novartis) and SNP (sodium nitroprusside; David Bull Laboratories) were administered following dissolution in 0.9 % saline.
Study design
All subjects abstained from alcohol for 24 h and from food, tobacco and caffeine-containing drinks for at least 4 h before each study visit. A venous blood sample was taken from all patients for estimation of serum CRP and plasma t-PA and PAI-1 antigen concentrations. Twelve representative male patients were then recruited into a randomized double-blind placebo-controlled cross-over study comparing the effect of direct intra-brachial infusion of TNF-α and saline placebo.
Forearm study protocol
All studies were carried out at 09:00 hours in a quiet temperature-controlled room maintained at [22] [23] [24] [25] • C. Patients rested recumbent and strain gauges and cuffs were applied. A 17-gauge venous cannula was inserted into the antecubital vein of each arm, and the brachial artery of the non-dominant arm was cannulated with a 27-SWG (standard wire gauge) needle (Cooper's Needle Works). FBF (forearm blood flow) was measured in both forearms by venous occlusion plethysmography using mercury in silastic strain gauges as described previously [16] . BP and HR (heart rate) were measured using a semiautomated non-invasive sphygmomanometer (Omron 705 IT).
Subjects (n = 12) attended on two occasions at least two weeks apart and received an intra-arterial infusion of either TNF-α (80 ng/min) or saline placebo over 60 min, followed on each occasion by a further 60 min of saline infusion. Thereafter intra-arterial bradykinin (100, 300 and 1000 pmol/min), acetylcholine (5, 10 and 20 µg/min) and SNP (2, 4 and 8 µg/min) were administered at 1 ml/min with a 15 min saline washout period between each agent. The dose of TNF-α was chosen to achieve local cytokine concentrations comparable with healthy volunteer studies [13] and those seen in cardiovascular disease [17] .
Venous blood samples for t-PA antigen and activity and PAI-1 antigen were obtained at baseline, after 60 min of TNF-α/placebo infusion, following the 60 min infusion of saline, before and during each dose of bradykinin and 15 min after the end of bradykinin infusion. Plasma cytokines, hs-CRP and prothrombin F1 + 2 were assessed prior to and following the TNF-α/ placebo and saline infusions and at the end of each study.
Statistical analysis
Estimated net release of t-PA was defined previously as the product of the infused forearm plasma flow and the concentration difference between the infused and noninfused forearms [16] . Because basal t-PA concentrations were altered by pretreatment with TNF-α, net release of t-PA during bradykinin infusion was calculated by subtracting the mean t-PA release before and 15 min after cessation of bradykinin infusion [13] . The area under the curve was calculated for the estimated net release of t-PA in response to bradykinin. Data were examined, where appropriate, by ANOVA with repeated measures, followed by post-hoc Student's t tests adjusted with a Bonferroni correction for multiple comparisons. Spearman's correlation was used to compare CRP and plasma levels of fibrinolytic factors. As serum CRP concentrations have a skewed distribution, they were logarithmically transformed.
All statistical calculations were undertaken using GraphPad Prism (GraphPad Software). Results are expressed as means + − S.E.M., unless otherwise stated, and statistical significance was assigned at the 5 % level.
RESULTS
Patients had a typical cardiovascular risk factor profile in keeping with their diagnosis of CHD and most were (Tables 1  and 2 ). The majority of the subjects were male, two-thirds had previously undergone coronary revascularization and approx. one-third were habitual smokers.
Plasma fibrinolytic factors and correlation with CRP
In the cohort of 95 patients with stable CHD, serum hs-CRP concentrations correlated with plasma t-PA antigen concentrations (r = 0.37, P < 0.001) and plasma PAI-1 antigen concentrations (r = 0.28, P = 0.006) and inversely with the ratio of t-PA/PAI-1 antigen (r = − 0.21, P < 0.05). As anticipated, plasma t-PA antigen concentrations correlated with plasma PAI-1 antigen concentrations (r = 0.49, P < 0.001).
Effect of acute inflammation on vascular and fibrinolytic function
Those subjects who received TNF-α and saline placebo had similar baseline characteristics to the main cohort and all were receiving statin and aspirin therapy. There were (Table 2) . There was no change in HR or BP during infusion of either TNF-α or placebo. Haematocrit, temperature, white cell count and hs-CRP were similar on both study visits [P = ns (not significant); results not shown]. The study protocol was well tolerated with no major adverse effects. 
Plasma cytokine concentrations
Intra-arterial infusion of TNF-α increased plasma TNF-α concentrations from 1.4 + − 0.2 to 164.5 + − 26.8 pg/ml in the infused arm and from 1.3 + − 0.1 to 33.3 + − 5.6 pg/ml in the non-infused arm (P < 0.001; Figure 1) . At 1 h after TNF-α infusion, plasma IL-6 concentrations increased from 4.1 + − 1.9 to 6.4 + − 2.3 pg/ml in the infused arm (P < 0.001, as determined by ANOVA), but were unchanged in the non-infused arm (4.0 + − 1.9 to 3.7 + − 1.3 pg/ ml). Placebo infusion had no effect on plasma IL-6 concentrations in the infused arm (3.9 + − 1.7 to 4.3 + − 1.3 pg/ml; P = ns). Serum CRP concentrations were unchanged following the 60 min infusion of TNF-α and saline placebo.
Vasomotor and fibrinolytic responses
There was no significant change in resting FBF in the 2 h after the start of either TNF-α or placebo infusion. After 60 min of TNF-α, plasma t-PA antigen and activity concentrations in the infused arm had increased from 9.4 + − 1.1 to 11.3 + − 1.2 ng/ml and 0.3 + − 0.1 to 2.1 + − 0.6 IU (international units)/ml respectively (P < 0.001), and these remained elevated in the 2 h following discontinuation of the TNF-α infusion (Figure 2 ). There was no change in plasma PAI-1 antigen concentrations in the infused arm and no change in either plasma t-PA or PAI-1 concentrations in the non-infused arm during the study (results not shown). Prothrombin F1 + 2 concentrations in the infused arm were unaltered following either saline placebo (0.9 + − 0.1 to 0.9 + − 0.1 ng/ml; P = ns) or TNF-α infusion (0.9 + − 0.1 to 1.0 + − 0.1 ng/ml; P = ns).
There was a dose-dependent increase in FBF during bradykinin, acetylcholine and SNP infusion (P 0.01,
Figure 2 Plasma t-PA activity (upper panel) and antigen (lower panel) concentrations in the infused (᭹) and non-infused (᭺) arms after 60 min infusion of intra-arterial
TNF-α †P < 0.001 when infused compared with non-infused arms, as determined by ANOVA.
* P < 0.05 and * * * P < 0.001, as determined by post-hoc Student's t test for treatment effect.
as determined by ANOVA). Compared with the saline placebo, TNF-α pretreatment impaired acetylcholineand SNP-induced vasodilatation (P < 0.001 for both), but did not alter the response to bradykinin (Figure 3 ). Plasma t-PA concentrations increased in a dose-dependent manner during bradykinin infusion on both study visits (P < 0.001). Pretreatment with TNF-α augmented the bradykinin-induced rise in plasma t-PA antigen and activity concentrations (P < 0.001 for both; Figure 4 ) and significantly increased estimated net release of t-PA antigen (63.7 + − 14.8 compared with 120.6 + − 26.1 ng · 100 ml −1 of tissue · min −1 at peak dose; P < 0.05) and activity (54.8 + − 14.8 compared with 98.8 + − 21.0 IU · 100 ml −1 of tissue · min −1 at peak dose; P < 0.05). Over the 30 min period of bradykinin infusion, TNF-α increased the area under the curve for net t-PA antigen and activity release by 120 % and 188 % respectively (P = 0.006).
Subgroup analysis showed a significant impairment of endothelium-dependent vasodilatation as well as bradykinin-induced t-PA response in cigarette smokers. Qualitatively the effect of intra-arterial TNF-α on the blood flow and fibrinolytic responses was similar in both smokers and non-smokers.
DISCUSSION
In the present study, we have confirmed the direct association between plasma t-PA and serum CRP concentrations in patients with stable CHD. For the first time, we have extended this observation using an acute local vascular inflammatory model and demonstrated that direct intra-arterial infusion of TNF-α causes a slow onset and sustained increase in basal t-PA release. This arterial inflammation was also associated with increased stimulated t-PA release in the presence of impaired vasomotor function. Our findings are consistent with the suggestion that t-PA is released during vascular inflammation and endothelial injury and this may, in part, explain the adverse prognosis associated with increased plasma t-PA concentrations.
The link between markers of inflammation and plasma t-PA concentrations suggests that vascular inflammation and injury may be responsible for endothelial t-PA release. However, this association may arise from common aetiological factors and does not establish a causal relationship. A recent meta-analysis has suggested that increases in plasma t-PA concentrations largely reflect the presence of concomitant cardiovascular risk factors [7] . We therefore sought to induce vascular inflammation in a representative sample of our study population. Inducing systemic inflammation will have many biological actions and could be confounded by indirect or extra-vascular effects. This may explain some of the differences between our present results and those of previous work in healthy volunteers using Salmonella typhi vaccination [9, 10] . We chose to employ an acute local inflammatory model [13] to assess the direct effects of intra-arterial TNF-α administration on t-PA release. We were able to induce local vascular inflammation with a rise in local plasma IL-6 concentrations to levels comparable with those seen in patients with unstable angina [17] , without evidence of a systemic inflammatory response or change in plasma t-PA or PAI-1 concentrations in the non-infused arm. This local vascular inflammation caused a slow onset and sustained increase in plasma t-PA concentrations that continued for at least 2 h after cessation of the TNF-α infusion. This establishes that vascular inflammation directly causes endothelial t-PA release in humans. The mechanism of TNF-α-induced t-PA release has not been established. Inflammatory cytokines, such as TNF-α, may cause t-PA release via induction of local thrombus formation, activation of specific cellular receptors or through generation of secondary mediators within the local vasculature. The former seems unlikely given that we observed no increase in prothrombin F1 + 2, a sensitive marker of in vivo thrombin generation [15] .
Although it is likely that plasma t-PA concentrations are increased by inducing endothelial injury, smooth muscle cells, macrophages and monocytes also express t-PA mRNA following stimulation by inflammatory cytokines within atherosclerotic plaques [18] and could theoretically contribute to this fibrinolytic response.
Effects of TNF-α on vasomotor function
Impaired vasodilator responses to acetylcholine [19, 20] and SNP [20] in patients with cardiovascular risk factors predict an increased risk of adverse cardiovascular events. Previous studies in healthy volunteers have shown acute systemic inflammation is associated with a transient impairment in vasomotor function [9] . In the present study, we have now shown that, in patients with CHD, acute local vascular inflammation decreases the vasomotor response to both acetylcholine and SNP. Acetylcholine is known to stimulate NO (nitric oxide) production via activation of eNOS (endothelial NO synthase) and, together with the impaired SNP response, these findings suggest that local arterial inflammation can decrease NO bioavailability. Interestingly, impaired vasodilator responses to both acetylcholine and SNP have been correlated with plasma TNF-α concentrations in patients with rheumatoid arthritis, a chronic inflammatory condition which is itself associated with an excess cardiovascular risk [21] . Furthermore, intra-arterial infusion of the free radical scavenger vitamin C restores forearm blood flow responses in patients with CHD and elevated serum levels of CRP [22] .
Our results suggest that acute inflammation is associated with impaired NO-dependent smooth muscle relaxation in response to direct NO donors such as SNP or endogenously derived NO following stimulation of eNOS. Several lines of evidence support the contention that cytokines, such as TNF-α, may impair NOdependent signalling. TNF-α decreases eNOS expression [23] as well as increasing reactive oxygen species, such as superoxide anion, that rapidly inactivate NO and are directly cytotoxic to vascular tissues. TNF-α also increases plasma ADMA (asymmetric dimethylarginine), an endogenous inhibitor of eNOS that inhibits endotheliumdependent vasodilatation [24] . Finally, inflammatory states may increase iNOS (inducible NO synthase) expression which is associated with receptor uncoupling and endothelial dysfunction [25] .
Bradykinin-induced vasodilatation was unaltered by pretreatment with TNF-α. Previous work has suggested that NO contributes only a small proportion (approx. 15 %) to bradykinin-induced vasodilatation [26, 27] and does not contribute to the mechanism of bradykinininduced t-PA release [28] . Moreover, in patients with vascular dysfunction, there may be an increased contribution of EDHF (endothelium-derived hyperpolarizing factor) to smooth muscle vasorelaxation [29] , particularly if NO is consumed by free radicals generated by locally active inflammatory cells. These observations are consistent with our present findings of impaired acetylcholine-and SNP-induced vasodilatation, but preserved bradykinin responses.
Effects of TNF-α on acute endogenous fibrinolysis
Despite the presence of higher baseline plasma t-PA concentrations in patients with atherosclerosis [7] , we have shown in the present study that direct intraarterial TNF-α infusion increases bradykinin-induced t-PA release in patients with stable CHD. Thus, although vasorelaxation was impaired, acute inflammation initiates a sustained increase in both basal and stimulated t-PA release. The mechanism of this effect is unknown, but may involve direct endothelial injury, up-regulation of t-PA synthesis or alterations in bradykinin receptor expression.
Under some circumstances, increases in t-PA may protect against the propagation of intravascular thrombosis and thereby avoid the development of an acute coronary syndrome. However, elevations in plasma t-PA concentrations may reflect more widespread endothelial dysfunction and a dominant pro-inflammatory vascular response that may overwhelm any locally protective profibrinolytic effect. Indeed, the pro-fibrinolytic actions of vascular inflammation may potentiate degradation of extracellular matrix and aggravate plaque instability [30] . The clinical outcome of acute vascular inflammation may, therefore, depend upon the relative balance between the protective antithrombotic actions and potential plaque destabilization associated with increased vascular t-PA release.
In the present study, all patients who received TNF-α and placebo infusion were already receiving secondary preventative therapy, including aspirin and lipid-lowering medications. Although these may have influenced the vascular response to TNF-α, it was considered unethical to withhold these and, in clinical practice, a large proportion of patients presenting with acute coronary syndromes and raised inflammatory markers are already established on such therapies. As our study design was focused on the question of the link between vascular inflammation and t-PA release in patients with CHD, we did not include a control population of healthy subjects. However, we have shown previously [13] that intraarterial TNF-α enhances endothelium-dependent t-PA release by a similar degree in younger healthy volunteers. Although we have again demonstrated that smokers have impaired endothelial responses, including t-PA release [14] , intra-arterial TNF-α increased plasma t-PA concentrations to a similar degree in both smokers and non-smokers with established CHD.
We have found that, although TNF-α adversely affects NO-dependent vasodilatation, it enhances other protective mechanisms, such as the endogenous fibrinolytic capacity. This reflects the complex and pleiotropic nature of TNF-α which functions as part of the normal host surveillance mechanisms and response to tissue injury. Although we only determined the effect of acute vascular inflammation in 12 patients, our results may explain some of the contradictory findings of previous clinical studies. For example, in patients with heart failure, TNF-α antagonism causes marked improvements in endothelium-dependent vasodilatation [31] , but has failed to demonstrate clinical benefit in randomized controlled trials [32] . Thus the benefits of restoring endothelium-dependent vasomotor function by TNF-α antagonism may be counterbalanced by inhibiting other potentially beneficial acute effects, such as enhancing endogenous t-PA release.
Conclusions
In the present study, we have shown that, in patients with stable CHD, plasma fibrinolytic factors are correlated with CRP, a sensitive and prognostically relevant marker of vascular inflammation. We have also demonstrated that acute vascular inflammation directly impairs vasomotor function whilst enhancing endothelial t-PA release. We suggest that the adverse prognosis associated with elevated plasma t-PA concentrations reflects a causative association with vascular inflammation and injury, rather than representing a marker of occult plaque rupture.
